Introduction {#S5}
============

Misfolded proteins cause human diseases as a result of their engagement with protein homeostasis (proteostasis) networks that assess the proteins' poor quality and target them for degradation \[[@R1], [@R2]\]. In cystic fibrosis (CF), mutations in the CF transmembrane conductance regulator (CFTR) gene often lead to misfolded CFTR protein that malfunctions \[[@R3]\]. CFTR encodes a chloride channel located at the apical membrane of several epithelial tissues, and its loss of activity impairs the ionic and fluid transcellular balance, resulting in dehydration of the epithelial lining and triggering the progressive pathological cascade of the disease. The major cause of CF morbidity and mortality is the pulmonary disorder caused by an accumulation of thick and tenacious mucus, inflammation, and recurrent infections that impair lung function and end in respiratory failure \[[@R4]\].

CFTR (also known as ABCC7) is a member of ATP-binding cassette family and is composed of five domains: two nucleotide-binding domains (NBD1/2) and one regulatory domain that control channel activity, and two transmembrane domains (TMD1/2) that form the pore for chloride conductance. Each TMD contains six hydrophobic α-helices that form the membrane-spanning segments (MS1--6 and MS7--12). They are connected by three extracellular and two intracellular loops (ICL1/2 and ICL3/4). Appropriate interactions between TMDs and NBDs are critical for the mature protein folding and functioning of CFTR \[[@R5], [@R6]\].

During CFTR translation, multiple chaperones/co-chaperones orchestrate the protein's folding at the endoplasmic reticulum (ER); folding is followed by glycosylation in the Golgi apparatus and trafficking to the cell surface \[[@R1], [@R2]\]. The most prevalent CFTR mutant is a deletion of phenylalanine at position 508 (ΔF508) that reduces the thermal stability of NBD1 and affects CFTR's interdomain interactions. Hence, misfolded ΔF508-CFTR is arrested and targeted for ER-associated degradation (ERAD) by the ubiquitin-proteasome pathway \[[@R5], [@R6]\]. A small portion of ΔF508-CFTR may evade ERAD and proceed to the plasma membrane; however, a system of peripheral quality control proteins recognizes and quickly removes this misfolded protein for lysosomal elimination \[[@R7]\].

Worldwide, about 80% of CF patients possess the mutant ΔF508, with only half of them homozygous for this mutant and the remainder bearing other (non-ΔF508) mutants on the second allele \[[@R4], [@R8]\]. Nearly 2,000 mutations have been reported in the CF Mutation Database (CFTR1) (see \[[@R9]\]) including the TMD mutants G85E, E92K, L1077P, and M1101K. To date, the impact of these mutations on the overall structure of CFTR has not been well characterized. According to the *CFTR2* database (see \[[@R9]\]), G85E is among the 23 commonest mutations globally, whereas E92K, L1077P, and M1101K are rare, but presenting a higher incidence (\>1%) in some ethnic populations (Turkish, southern Italian, and Hutterites, respectively). All four of these mutants cause severe disease when combined with another mutant-causing CF, and they are located at highly evolutionarily conserved sites: G85E and E92K are found at MS1 in the TMD1, M1101K is located in MS11 in TMD2 \[[@R10]\] whereas L1077P is situated at ICL4 in the TMD2 \[[@R11]\]. A better elucidation of how these mutants affect CFTR processing may suggest ways to rectify their particular molecular defects and develop appropriate treatments for CF patients bearing them.

Over the past few decades, the life expectancy of CF patients has been lengthened, thanks to the early diagnosis and the availability of more effective therapeutic approaches; however, the high costs and burden of the necessary treatments limit patients' quality of life \[[@R12]\]. Two drugs discovered by high-throughput screening (ivacaftor and lumacaftor) have translated the results of bench research into pharmaceutical treatments for CF patients. Ivacaftor (or VX-770) is a potentiator that stimulates CFTR gating in mutants in which the protein is present at the cell surface, but exhibits residual function or no function at all \[[@R13]\]. On the other hand, lumacaftor (or VX-809) is a corrector that restores the processing and trafficking of the mutated CFTR to the plasma membrane by increasing its folding efficacy \[[@R14]\]. Individual administration of either of these molecules has been unsuccessful in improving lung function in ΔF508-homozygous patients \[[@R15], [@R16]\], but the co-administration of lumacaftor/ivacaftor has shown clinical benefit in these patients \[[@R17], [@R18]\]. To date, the European Medicines Agency and the U.S. Food and Drug Administration have licensed the use of ivacaftor (Kalydeco™) for CF patients who bear one of 10 CFTR mutations causing faulty conductance, and the combination lumacaftor/ivacaftor (Orkambi™) for ΔF508- homozygous CF patients. Despite these breakthroughs in personalizing CF treatments, for thousands of patients (ΔF508-heterozygotes or those bearing a wide range of orphan mutations) the therapeutic effects of small-molecule correctors are still unclear. For these patients, there is still an unmet need for therapies to fit their particular molecular defects.

In the present study, we have evaluated the nature of four CFTR constructs bearing TMD mutants (G85E, E92K, L1077P, and M1101K), and our results shed light on how correctors can affect the CFTR interactome during ER processing to rescue the trafficking of CFTR mature form to the cell surface.

Material and Methods {#S6}
====================

Cell culture {#S7}
------------

The African green monkey fibroblast-like cell line, Cos-7 (catalog CRL-1651, ATCC) was maintained in Dulbecco's modified Eagle's medium (DMEM, Life Technologies) high glucose (1× glucose), supplemented with 10% fetal bovine serum (FBS, Invitrogen), penicillin (100 U/mL), and streptomycin (100 µg/mL) at 37°C in humidified incubator in 5% CO~2~. Flp-In human embryonic kidney (HEK)-293 cells (catalog CRL-1573, Life Technologies) cultured in DMEM containing 10% FBS, penicillin (100 U/mL), streptomycin (100 µg/mL) and Zeocin (100 µg/mL) at 37°C were used to generate the stably transfected cell lines (see ref. \[[@R19]\]). CFBE41o- cells maintained in Eagle's essential medium (MEM, Invitrogen) with 10% FBS, L-glutamate and penicillin/streptomycin were used to insert the Flp-In system and generate the stably transfected cell lines with each of the four CFTR mutants of interest. All cell lines were monitored for contamination.

Transfection {#S8}
------------

The wt-CFTR, G85E, E92K, ΔF508, L1077P and M1101K clones in the PBI-CMV~2~ vector were transfected into Cos-7 cells. Transient transfection was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Forty-eight hours after the transfection, the cells were harvested and used for the experiments. To assess the ubiquitination of CFTR, ubiquitin plasmid (HA-tagged) was transfected into HEK-293 stably transfected cell lines for 48 h.

Generation of stably transfected cell lines {#S9}
-------------------------------------------

The Flp-In System (catalog K6010--01, Invitrogen) is used for the generation of stable mammalian expression cell lines by taking advantage of a *Saccharomyces cerevisiae*-derived DNA recombination system. We first transfected CFBE41o- cells with the pFRT LacZeo plasmid to introduce the Flp-In construct into host cells. Zeocin-resistant clones were selected for the presence of the Flp-In construct.

CFTR constructs bearing TMD mutants (G85E, E92K, L1077P, and M1101K) were generated using a QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies) and sub-cloned into the pcDNA5/FRT expression vector. The human CMV promoter controls the expression of the CFTR mutants in pcDNA5/FRT, and this vector also contains a hygromycin resistance gene with an FRT site embedded in the 5' coding region.

Next, the pcDNA5/FRT vector containing the CFTR mutants and the pOG44 plasmid, which constitutively expresses the Flp recombinase under the control of human CMV promoter, were co-transfected into HEK-293 or CFBE41o- host cell lines containing the Flp-In construct by using Lipofectamine 2000. Upon co-transfection, the Flp recombinase expressed from pOG44 mediated a homologous recombination event between the FRT sites (integrated into the genome and on the pcDNA5/FRT) such that the pcDNA5/FRT construct was inserted into the genome at the integrated FRT site. Hygromycin-resistant foci were isolated, expanded, and then analyzed for CFTR expression by immunoblotting.

Treatment with inhibitors and correctors {#S10}
----------------------------------------

The degradation pathways were evaluated by exposing CFTR constructs bearing G85E, E92K, L1077P, or M1101K to a proteasome, aggresome, or two lysosome inhibitors (MG-132, tubacin, bafilomycin A~1~ and E-64, respectively) for 16 h. Small-molecule correctors were applied for 16 h to evaluate the effect of them in rescuing CFTR: CFFT-002 (N-((1s,4s)-4-methylcyclohexyl)-5-(4-morpholinophenyl)-4-(oxetan-3-yloxy)pyrimidin-2-amine) and CFFT-003 (5-(2-cyclopropylbenzo\[d\]oxazol-5-yl)-N-((1s,4s)-4-methylcyclohexyl)-4-(oxetan-3-yloxy)pyrimidin-2-amine) were generously provided by Martin Mense, and C3 (VRT-325; 4-cyclohexyloxy-2-{1-\[4-(4-methoxy-benzensulfonyl)-piperazin-1-yl\]-ethyl}-quinazoline), C4 (corr-4a; N-\[2-(5-chloro-2-methoxy-phenylamino)-4'-methyl-\[4,5'\]bithiazolyl-2'-yl\]-benzamide), and C18 (VRT-534; 1-(benzo\[d\]\[[@R1],[@R3]\]dioxol-5-yl)-N-(5-((S)-(2-chlorophenyl)((R)-3-hydroxypyrrolidin-1-yl)methyl)thiazol-2-yl)cyclopropanecarboxamide) were obtained from the *Cystic Fibrosis Foundation Therapeutics Panel Library*. The last three compounds were used individually or in combinations of two. Dose-response experiments with increasing doses were performed, using 1, 5, 10, and 20 µM for the correctors and tubacin; 1, 10, 50, and 100 µM for bafilomycin A~1~ and E-64; and 1, 3, 5, and 10 µM for MG-132. The two most effective doses are presented in the [Results](#S16){ref-type="sec"} section. DMSO was used as vehicle (0.2%, v/v) to all compounds evaluated. The protein stability of CFTR was analyzed via cycloheximide administration (25 µg/mL, Sigma). Cells were harvested 1, 2, 4, 6, or 8 h after protein translation was stopped by cycloheximide.

Biotinylation of CFTR at the cell surface {#S11}
-----------------------------------------

The plasma membrane proteins of Cos-7 cells transfected with CFTR bearing G85E, E92K, L1077P, or M1101K were incubated with EZ-LinkTM sulfo-NHS-SS-biotin (5mg per each sample) (catalog 21331, Thermo Scientific) for 30 min at 4°C. The cells were then washed gently three times with glycine quenching buffer (200 mM glycine and 25 mM Tris-HCl, pH 8.0, in DPBS plus Ca^2+^ and Mg^2+^) and solubilized in lysis buffer (50 mM Tris-HCl, pH 7.4, with 150 mM NaCl, 1% Nonidet P-40, and protease inhibitors). The lysates were rotated for 30 min at 4°C, then centrifuged at 14,000 × *g* for 20 min at 4°C. The total amount of cellular protein was determined using the Protein Assay Dye Reagent (Bio-Rad). The cellular surface proteins were isolated from the total lysate (2,000 µg) by incubation with NeutrAvidin Plus UltraLink Resin (Thermo Scientific) for 45 min at 4°C (25 µg of protein/1 µL of beads). After a brief centrifugation, the supernatant was discarded, and the beads were washed five times with lysis buffer. The bound proteins were eluted with 2× Laemmli sample buffer with 5% β-mercaptoethanol. The eluted proteins were subjected to SDS-PAGE and immunoblotting as described below.

Immunoblotting {#S12}
--------------

The cells were harvested and solubilized in lysis buffer (described in the section above) supplemented with protease inhibitor cocktail (catalog 78429, Thermo Scientific). The cell lysates were centrifuged at 14,000 × *g* for 20 min at 4°C to pellet the insoluble material. The supernatants (50 µg of protein) were subjected to 10% SDS-PAGE and immunoblotting, followed by enhanced chemiluminescence (SuperSignal West Dura Extended Duration Substrate, catalog no. 34075, Thermo Scientific). The chemiluminescent signal on the polyvinylidene difluoride (PVDF) membrane (Bio-Rad) was directly captured by a FujiFilm LAS-4000 plus system with a cooled CCD camera. CFTR protein was detected with monoclonal anti-human CFTR antibody (217; 1:1,000; provided by Dr. J. Riordan, Department of Biochemistry and Biophysics and Cystic Fibrosis Center of North Carolina). Ezrin, used as a loading control, was detected with monoclonal antibody (1:10,000; sc-58758, Santa Cruz Biotechnology). The membranes were incubated with various primary antibodies to evaluate the interactions of CFTR mutants with proteostasis components: anti-HDAC6 (1:500; sc-11420), anti-HDAC7 (1:1,000; sc-74563), anti-VCP (1:1,000; sc-133125), anti-AHSA1 (1:1,000; H00010598-M01), anti-Hsp90 (1:1,000; 05--594), anti-Hsp70 (1:1,000; sc-66048), anti-Hsp40 (1:1,000; sc-59554), anti-Hsp27 (1:500, sc-13132) and anti-HA (1:1,000, sc7392). Image Gauge version 3.2 software (Fuji Film) was used for densitometric quantification of the blots.

Immunopreciptation {#S13}
------------------

Proteins were extracted, and the concentration was measured as described above. The protein lysates (2,000 µg) were then rotated with 80 µL of protein A/G-agarose beads (Santa Cruz Biotechnology) and 5 µg of anti-CFTR antibody (M3A7, Millipore) for 4 h at 4°C. The A/G beads were washed four times with lysis buffer supplemented with protease inhibitor. Sample buffer (2×) with 5% β-mercaptoethanol was added 1:1 to the A/G beads, and the protein samples were used for immunoblotting as described above. To evaluate the immunoprecipitation experiments, the densitometry of each proteostasis component was divided by the densitometry of CFTR (B+C) and then these values were normalized for the untreated samples (value of "1"). This approach was used to evaluate how much of proteostasis components were interacting with CFTR mutants before and after the treatment with C18+C4.

Short-circuit currents {#S14}
----------------------

The short-circuit currents (Isc) were measured in Ussing-type chambers (Physiological Instruments). Confluent cystic fibrosis bronchial epithelial (CFBE41o-) cells stably expressing CFTR constructs bearing G85E, E92K, L1077P or M1101K were seeded onto 12-mm diameter Costar® Snapwell™ cell culture inserts (Corning Costar) and cultured for 7 days at 37°C to establish polarized monolayers. The inserts were mounted in an Ussing-type chamber and bathed in solutions (described below) maintained at 37°C and stirred by bubbling with 95% O~2~ and 5% CO~2~. Small-molecule correctors (C4, C18, C4+C18 or lumacaftor; 5µM of each) were added to the CFBE41o- cell culture medium 16 h before the experiments. Isc was measured by voltage clamping the transepithelial voltage across the monolayers to 0 mV with a multichannel voltage-current clamp amplifier (model VCC MC6, Physiological Instruments). Transepithelial resistance was measured by periodically applying a 5-mV bipolar voltage pulse, recording the deflection response in Isc, and applying Ohm's law. The apical bath solution contained (in mM): 120 sodium gluconate, 2 CaCl~2~, 5 KCl, 2 MgCl~2~, 10 HEPES, and 10 D-glucose (adjusted to pH 7.3). The basolateral bath solution contained (in mM): 120 NaCl, 2 CaCl~2~, 5 KCl, 2 MgCl~2~, 10 HEPES, and 10 D-glucose (adjusted to pH 7.3 with NaOH). Amiloride (100 µM) was added to inhibit apical Na^+^ absorption through epithelial sodium channel (ENaC). To activate the CFTR, the adenylate cyclase activator forskolin (10 µM) and the tyrosine kinase inhibitor genistein (30 µM) were added sequentially to the apical and basolateral bath solutions. Thiazolidonone CFTR inhibitor CFTR~inh~172 (10 µM) was added to inhibit Isc, to establish that the measured current was CFTR-mediated chloride transport.

Data acquisition and analysis were performed with the Acquire and Analyze Data Acquisition System (version 2.3, Physiological Instruments). Data are expressed as the CFTR~inh~172-sensitive short-circuit current (ΔIsc), calculated by subtracting the Isc measurement after CFTR~inh~172 treatment from the values corresponding to the plateau phase reached after the addition of genistein to forskolin-stimulated Isc.

Statistical assays {#S15}
------------------

Statistical comparisons were made by using one-way ANOVA followed by Tukey's test or an unpaired Student's *t*-test (Prism 5.0, GraphPad Software). All data are presented as means ± SD. All measurements were done at least three times, and values were considered significant at P \< 0.05.

Results {#S16}
=======

CFTR expression, thermal sensitivity, and degradation of G85E, E92K, L1077P and M1101K are mutation specific {#S17}
------------------------------------------------------------------------------------------------------------

To elucidate to what extent the mutants G85E, E92K, L1077P, and M1101K affect CFTR protein levels, we transiently transfected the CFTR constructs bearing the TMD mutants, as well as wild type (wt)-CFTR and ΔF508, into Cos-7 cells under the same experimental conditions ([Fig. 1A](#F1){ref-type="fig"}). As expected, the mature form (band C) of ΔF508 could barely be detected in the mutant products when compared to the wt-CFTR. The TMD mutants and ΔF508 showed similar amounts of the mature form. In addition, all the mutants showed less expression of the immature form (band B) than did wt-CFTR, and G85E, E92K, L1077P, and M1101K expressed even less of the immature form than did ΔF508. [Fig. S1](#SD1){ref-type="supplementary-material"}, shows the mutants stably expressed in CFBE41o- cells (for all online suppl. material, see [www.karger.com/doi/10.1159/000475578](http://www.karger.com/doi/10.1159/000475578)).

ΔF508 creates an instability in NBD1 that is responsible for its biosynthetic arrest in the ER, leaving it in an immaturely glycosylated form; however, its processing and function can be partially rescued by reducing the temperature at which the cells are incubated (to 27°C, *vs*. human physiological temperature, 37°C) \[[@R20], [@R21]\]. Based on the structural differences between TMDs and NBDs, we explored whether incubating cells at low temperature would rectify the lack of proper folding in CFTR constructs bearing TMD mutants ([Fig. 1B](#F1){ref-type="fig"}--[E](#F1){ref-type="fig"}). Both L1077P and M1101K expressed more of both the immature and mature forms when we grew the cells at lower temperature. In contrast, temperature correction affected only the immature form of E92K, and neither G85E nor E92K showed evidence of CFTR maturation when the cells were incubated at lower temperature.

ER components retain ΔF508-CFTR, forming an incompletely processed protein, which is ubiquitinated and undergoes proteasomal degradation \[[@R22]\]. We inhibited the various degradation pathways to understand how cells eliminate CFTR bearing G85E, E92K, L1077P, or M1101K: MG-132 blocks the degradation of ubiquitin-conjugated proteins by proteasomes; tubacin inhibits the elimination of misfolded proteins by aggresomes; and bafilomycin A~1~ and E-64 prevent lysosomal degradation by inhibiting vacuolar-type H^+^- ATPase and cysteine proteases, respectively ([Fig. 2](#F2){ref-type="fig"}). MG-132 had the greatest effect on the CFTR mutants, sharply increasing their protein expression. Administration of tubacin also raised the amount of the mutant proteins present, but to a much lower extent than did MG-132. In contrast, bafilomycin A~1~ and E-64 affected only L1077P and produced no changes in G85E, E92K, or M1101K.

Correctors rescue CFTR expression and direct the mature forms to the cell surface {#S18}
---------------------------------------------------------------------------------

An increasing number of correctors have been evaluated for their ability to rescue CFTR bearing ΔF508, as well as other NBD mutations \[[@R18], [@R23], [@R24]\]. The impact of these small-molecules to restoring CFTR processing and trafficking in cells bearing the mutants G85E, E92K, L1077P, and M1101K has not yet been established. To answer this question, we incubated the cells bearing these mutants for 16 h with several correctors (see [supplementary material](#SD1){ref-type="supplementary-material"}, [Fig. S2](#SD1){ref-type="supplementary-material"}--[S5](#SD1){ref-type="supplementary-material"}): C3 and C18, discovered by Vertex Pharmaceuticals \[[@R25]\]; C4, developed by the Verkman lab \[[@R21]\]; and the CFFT compounds 002 and 003 \[[@R19], [@R24]\].

CFFT-002 and CFFT-003 had only a small or no effect on all four mutations. Similarly, C3, C4, and C18 had a small effect with regard to rescuing the maturation of CFTR bearing G85E, E92K, L1077P, or M1101K. C3 and C18 did not cause any additional rescue of the amount of immature and mature forms when we applied the compounds together, as opposed to individually. Co-administration of C3 and C4 showed additive effect and rescued more CFTR bearing E92K and L1077P, but had no such effect on CFTR bearing G85E and M1101K. Co-administration C4 and C18 had the greatest effect and raised the CFTR maturation by 3.5- to 5.0-fold in the mutations E92K, L1077P, and M1101K. Co-administration of C4 and C18 also provided the best correction to the mutant G85E, but this effect was weaker than that observed for the other three mutants. Therefore, we used the co-administration of C4 and C18 to understand how the correctors could rescue CFTR bearing G85E, E92K, L1077P, and M1101K.

Since the correctors increased the maturation of CFTR mutants, we biotinylated the proteins at the plasma membrane to evaluate whether the CFTR mature form had trafficked to the cell surface ([Fig. 3](#F3){ref-type="fig"}). The mutants E92K, L1077P, and M1101K expressed the CFTR mature form at the plasma membrane after co-administration of C4 and C18. Despite the correctors having increased the protein expression of CFTR bearing G85E, the mature form of this mutant product did not reach the cell surface.

Correctors remodel the CFTR interactome {#S19}
---------------------------------------

Proteostasis networks interconnect gene expression, signaling pathways, molecular chaperones, and degradation systems to maintain a healthy proteome \[[@R1], [@R4]\]. The wt-CFTR and ΔF508 interact differently with proteostasis components that enable wt-CFTR maturation and preclude ΔF508 exit from the ER \[[@R2]\]. We explored the binding of proteins involved in ERAD to CFTR constructs bearing G85E, E92K, L1077P, or M1101K, and also asked whether correctors may modulate their interactomes to rescue CFTR. For this purpose, we performed co-immunoprecipitation (co-IP) assays with five chaperones/co-chaperones: the heat shock proteins (Hsps) 27, 40, 70, and 90; and the activator of Hsp 90-kDa protein ATPase homolog 1 (AHSA1). Hsp27 (also known as HspB1) connects ΔF508-CFTR with small ubiquitin-like modifier (SUMO)-2/3 for degradation via SUMOylation \[[@R26]\]. Hsp40 (DnaJ) is a co-chaperone that forms an 'ER trap' with the chaperones Hsp70 and Hsp90 to degrade ΔF508-CFTR via the 26S proteasome \[[@R27]\]. The ATPase activity of Hsp90 is controlled by its co-chaperone AHSA1 \[[@R28], [@R29]\].

In addition to evaluating these molecular chaperones, we analyzed the interaction of CFTR constructs bearing the TMD mutants with vasolin-containing protein (VCP or p97) and the histone deacetylases (HDACs) 6 and 7. VCP and HDAC6 translocate misfolded proteins to proteasomes and aggresomes, respectively, for elimination \[[@R30], [@R31]\]. Furthermore, inhibition of HDAC7 or VCP rescues the trafficking and function of CFTR bearing ΔF508 \[[@R32], [@R33]\].

Analysis of total protein lysates showed that co-administration of C4 and C18 decreased the expression levels of AHSA1, Hsp70, and Hsp27 in cells bearing G85E-CFTR; it decreased the expression levels of VCP, AHSA1, and Hsp90, 70, and 27 in cells bearing E92K-CFTR ([Fig. 4A](#F4){ref-type="fig"}), and it produced no changes in the steady-state levels of ERAD proteins tested in cells bearing L1077P- or M1101K-CFTR ([Fig. 5A](#F5){ref-type="fig"}). Correctors also affected the amount of ERAD proteins precipitated; the amount of Hsp40 was reduced in all four mutations ([Fig. 4B](#F4){ref-type="fig"} and [5B](#F5){ref-type="fig"}). The responses of the remaining proteins were more variable, depending on the CFTR mutant: in the case of G85E-CFTR, more AHSA1 was precipitated; for E92K-CFTR, less AHSA1 and Hsp90; for L1077P-CFTR, less VCP and Hsp27; and for M1101K-CFTR, less HDAC6, VCP, and Hsp70. To calculate how much of the ERAD proteins were bound to CFTR mutants before and after the treatment with correctors, we used the quantity of each protein precipitated per total amount of CFTR pulled down ([Fig. 4C](#F4){ref-type="fig"}--[J](#F4){ref-type="fig"} and [5C](#F5){ref-type="fig"}--[J](#F5){ref-type="fig"}). The interactions of ERAD components with the four CFTR mutants were mitigated after co-administration of C4 and C18, with exception of AHSA1 and Hsp27 with CFTR bearing G85E.

After ER components arrest the misfolding CFTR, the mutated protein is polyubiquitinated and subsequently eliminated \[[@R30], [@R34]\]. Co-administration of C4 and C18 reduced the amount of ubiquitin precipitated with CFTR, as well as the binding of ubiquitin to CFTR bearing E92K, L1077P, or M1101K ([Fig. 6B](#F6){ref-type="fig"}--[D](#F6){ref-type="fig"}). In contrast, CFTR bearing G85E did not show any reduction in ubiquitination after the co-administration of correctors ([Fig. 6A](#F6){ref-type="fig"}).

Correctors raise CFTR stability and rescue channel function {#S20}
-----------------------------------------------------------

The wt-CFTR forms a fairly stable protein with long half-life, whereas ΔF508 creates an instability in CFTR that reduces its half-life \[[@R35], [@R36]\]. We blocked protein synthesis by applying cycloheximide to the cells and then evaluated the rate of disappearance of the protein as evidence of stability or degradation of CFTR bearing G85E, E92K, L1077P, or M1101K ([Fig. 7](#F7){ref-type="fig"}). During the time course of the cycloheximide treatment, all four mutants showed a decreased amount of the immature form, and the little amount of mature form detected at 0 h rapidly disappeared. As mentioned previously, co-administration of C4 and C18 increased the expression of both immature and mature forms in CFTRs bearing any of the four TMD mutants, and after 8 h of cycloheximide exposure, the constructs bearing E92K, L1077P, and M1101K showed an approximately 4-fold increase in the mature form when compared to the controls (untreated samples at 0 h). For the CFTR bearing E92K, there was a slow decline in the mature form during the time course of the cycloheximide treatment, whereas for the CFTR bearing L1077P or M1101K, there was a quick decay during the first 2 h, followed by a slow decline. In contrast, CFTR bearing G85E showed little of the immature form after 8 h of cycloheximide treatment, and the mature form totally vanished after 4 h.

We then determined whether administration of correctors could rescue a functional CFTR protein, by measuring the short-circuit currents (Isc) in polarized monolayers of CFBE41o- cells stably expressing CFTR bearing G85E, E92K, L1077P, or M1101K ([Fig. 8](#F8){ref-type="fig"}). As expected, CFTR bearing G85E did not show channel function (data not shown), corroborating with the biotinylation experiments in which correctors did not rescue the mature form of this mutant to the cell surface. When we grew the cells at 37°C and treated those expressing the mutant E92K, L1077P, or M1101K with C4, C18, or C4+C18, we observed a 2.5- to 6.0-fold increase in Isc, with only a synergistic effect of co-administration of C4 and C18 in cells expressing CFTR bearing E92K. When the cells were grown at 27°C and subsequently treated with correctors, we noted the same or even less Isc, when compared to those cells grown at 37°C and expressing CFTR bearing E92K, L1077P, or M1101K. Treating the cells with lumacaftor after growth at 37°C rescued CFTR function in those expressing the mutant E92K or M1101K, but only to the same extent as did the co-administration of C4 and C18. Intriguingly, when we grew the cells at 27°C and applied lumacaftor, we observed either the same, more or less Isc for CFTR bearing E92K, L1077P, and M1101K, respectively, when compared to the same cells grown at 37°C.

Discussion {#S21}
==========

In the present study, we have characterized four CFTR mutants in TMD (G85E, E92K, L1077P, and M1101K) and shown that a combination of correctors can rescue CFTR expression and function in three of them. Like ΔF508, the mutations G85E, E92K, L1077P, and M1101K are class II mutants and cause disruption of CFTR processing. ERAD components recognize the mutated CFTR as improperly folded and arrest the protein, precluding its full maturation. Intriguingly, ΔF508 expressed more immature-form CFTR than did the other four mutants, possibly indicating that they are more rapidly degraded. The results of exposure of CFTR bearing G85E, E92K, L1077P, or M1101K to inhibitors indicated that these four mutants share a similar degradation pattern with ΔF508. The ubiquitin-dependent proteasomes eliminated the largest amount of the misfolded proteins, and aggresomes destroyed the remaining portions by autophagy.

ΔF508 is a temperature-sensitive mutant, and incubation of cells at low temperature can partially restore its processing, trafficking and function \[[@R20], [@R21], [@R37]\]. In contrast to ΔF508, which is located at NBD1, G85E and E92K are situated at MS1 in TMD1 \[[@R11]\]. Both G85E and E92K are translated at the beginning of CFTR synthesis, and these mutations destabilize CFTR by disrupting ER targeting, its integration profile, and/or topology formation \[[@R38]\]. The mutant at position 85 substitutes a nonpolar amino acid for a negatively charged one (glycine for glutamate), introducing an ionizable group within the MS1 sequence. At position 92, the change of glutamate to lysine alters the charge of the side chain (negative to positive). Our results showed that low-temperature incubation did not cause maturation of either G85E or E92K, and G85E produced a more aberrant protein, since E92K still presented ER accumulation of core glycosylated protein. On the other hand, L1077P and M1101K are located at ICL4 and MS11 in TMD2, respectively \[[@R10]\], which directly interacts with NBD1 and forms interdomain interactions \[[@R5]\]. At positions 1077 and 1101, these mutations change amino acids with hydrophobic side chains for nonpolar (leucine to proline) and positively charged (methionine to lysine) amino acid residues, respectively. Cells bearing both L1077P and M1101K expressed more immature and mature forms of CFTR upon low-temperature incubation, although this increase occurred to a lesser extent than previously observed for ΔF508 \[[@R20], [@R21], [@R37]\]. Therefore, incubation of cells at low temperature was associated with a lesser efficiency in rectifying CFTR folding to the mutants L1077P and M1101K.

Several CFTR mutants present multiple defects, including ΔF508, in which the major characteristic is NBD1 instability, leading to misfolded protein \[[@R22], [@R34]\]; however, this mutant also affects channel gating \[[@R5], [@R6]\] and cell-surface stability \[[@R7], [@R36]\]. Monotherapy with lumacaftor or ivacaftor has proven ineffective in improving the lung function of ΔF508-homozygotes patients \[[@R15], [@R16]\], but co-administration of lumacaftor/ivacaftor produces significant, albeit modest, clinical improvement in these patients \[[@R17], [@R18]\]. These results suggest that mutants with multiple defects may require drug combinations to achieve therapeutic levels that could benefit patients. Like ΔF508 \[[@R23], [@R37]\], the mutants G85E, E92K, L1077P, and M1101K are associated with multiple defects, and the greatest rescue of CFTR bearing these mutants was obtained when we applied two correctors together that have different mechanisms of action (i.e., C4+C18). C18 is a class I corrector that stabilizes the interactions between NBD1 and ICL1/4, whereas C4 is a class II corrector that restores NBD2 stability and its interdomain interactions \[[@R23]\]. Co-administration of C18 and C4 rescued the trafficking of mature-form CFTR bearing E92K, L1077P, or M1101K to the cell surface; however, this treatment was unsuccessful in fully restore the trafficking of CFTR bearing G85E to the plasma membrane.

New pharmacological treatments may rectify the defective CFTR structure directly by binding to the mutated protein and/or indirectly by remodeling cellular proteostasis, thereby allowing sufficient time for the protein to reach conformational stability. Each specific protein uses only a subset of the proteostasis network components in a cellular environment, which include chaperones/co-chaperones, as well as folding, trafficking, and degradation factors. CFTR bearing ΔF508 has a prolonged association with proteostasis components at the ER, and these components target the CFTR for ubiquitination and degradation \[[@R1], [@R2]\]. CFTR bearing G85E, E92K, L1077P, or M1101K connects to a proteostasis network similar to that observed in previous studies for ΔF508, which might explain the similarities in their degradation. When we co-administered C4 and C18, CFTR bearing any of the four TMD mutants expressed more immature and mature forms, and they showed mitigated binding to proteostasis components. In particular, Hsp40 presented the same pattern of decreased co-immunoprecipitation and binding to CFTR bearing G85E, E92K, L1077P, or M1101K after the co-administration of correctors. Previous reports have shown that Hsp40 forms a 'chaperone trap' with Hsp70/Hsp90 \[[@R27]\] and also cooperates with the COPII machinery to sequester misfolded CFTR into ER-associated compartments \[[@R39]\]. Therefore, its mitigated interaction with CFTR mutants may prevent protein retention and degradation by proteasomes.

The results were more variable for the remaining proteostasis components evaluated. Co-administration of C4 and C18 allowed a functional protein to reach the cell surface in the case of CFTR bearing E92K, L1077P, or M1101K, by mitigating their interactions with proteostasis components and ubiquitination. Intriguingly, CFTR bearing G85E did not exhibit less interaction with AHSA1 and Hsp27, neither ubiquitination, after co-administration of C4 and C18. Previous studies have shown that silencing of AHSA1 \[[@R28], [@R30]\] or Hsp27 \[[@R26], [@R37]\] markedly stabilizes the folding of CFTR bearing ΔF508 and blocks protein SUMOylation, respectively. Therefore, co-administration of C4 and C18 was inefficient in rectifying the defect of CFTR bearing G85E, leading to protein retention, ubiquitination and degradation, which precluded its trafficking to the cell surface. These findings, as well as functional assays performed with lumacaftor, indicate that: 1) although these mutants interact with a similar proteostasis network, they may bind differently to each of the network's components, resulting in different efficiencies for the same treatment; and 2) each mutant can have a different impact on the overall structure of CFTR, requiring different treatments to rectify their defective proteins.

The rescued CFTR mutant must be a stable protein; otherwise, it will be removed from the cell surface once it is subjected to the system of peripheral quality control proteins \[[@R7]\]. Low-temperature incubation of cells expressing CFTR bearing ΔF508 can rescue its functional expression at the cell surface \[[@R35], [@R36]\]; however, the surface-expressed protein is still unstable and is rapidly withdrawn, either by increasing endocytosis of the CFTR \[[@R40]\] or by decreasing its recycling back to the cell surface \[[@R41]\]. Lumacaftor was also inefficient in totally restoring the protein stability of CFTR bearing ΔF508 \[[@R42]\]. When we co-administered C4 and C18, and subsequently blocked protein synthesis by applying cycloheximide, CFTR bearing E92K, L1077P, or M1101K showed a decline in the amount of protein product during the early temporal course of the experiment, indicating that some of the rescued CFTR was still unstable, and the system of peripheral quality control proteins rapidly removed it. Nevertheless, a substantial amount of rescued CFTR remained stable, being present up to 8 h after cycloheximide administration. Perhaps our results obtained by co-administering C4 and C18 may be enhanced by including a "stabilizer" compound, such as those that promote the interaction between rescued CFTR mutant and Na^+^/H^+^ exchanger regulatory factor 1 \[[@R43], [@R44]\]. However, co-administration of C4 and C18 did not rectify the trafficking, function, or stability of CFTR bearing G85E, leaving a continuing need for an effective treatment to rescue this mutant.

Mutations in CFTR cause noteworthy gene and protein variability, leading to different degrees of CF severity. CFTR mutants have been segregated into groups to aid the search for treatments that could rectify mutants with similar defects; however, some of the mutants may present differing structural characteristics or even be unique, responding very differently to the same treatment. In working toward effective approaches, precision medicine is trying to find appropriate pharmacological treatments to overcome the debilitating symptoms in all CF patients \[[@R4]\].

Conclusion {#S22}
==========

Our results reveal that co-administration of correctors with different mechanisms of action can restore the trafficking, function, and partial stability of CFTR bearing TMD mutants to the cell surface by mitigating the interactions of the mutated CFTR with the proteostasis network. Finally, these findings indicate that CF patients bearing CFTR mutants E92K, L1077P, or M1101K might benefit from combined treatment with compounds similar to C4 and C18; however, there is still a significant unmet need for individuals who bear G85E, requiring more studies to identify an appropriate treatment.
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![Protein expression and thermal sensitivity of CFTR mutants. Cos-7 cells were transfected with 4 µg of wild type (wt)-CFTR or constructs bearing G85E, E92K, ΔF508, L1077P, or M1101K for 48 h. (A) Immunoblots and quantification of CFTR immature (band B) and mature (band C) forms, comparing wt-CFTR and mutants (ANOVA, n = 3). Data are normalized to wt-CFTR; *vs.* wt: \*\*P \< 0.01; *vs.* ΔF508: ^\#^P \< 0.05. (B-E) Cells were incubated at 27°C or 37°C for 24 h to evaluate the thermal sensitivity of (B) G85E, (C) E92K, (D) L1077P, and (E) M1101K (Student's *t*-test, n = 3). Data are normalized to 37°C; *vs.* 37°C: ^&^P \< 0.05, ^&&^P \< 0.01. Ezrin (Ez) was used as a loading control. Membranes were cut into two strips and incubated with primary antibodies against CFTR or ezrin.](nihms-1563253-f0001){#F1}

![Degradation pathway of CFTR mutants. Cos-7 cells transfected with 4 µg of CFTR constructs bearing (A) G85E, (B) E92K, (C) L1077P, or (D) M1101K for 32 h were treated for additional 16 h with MG-132 (proteasome inhibitor), tubacin (aggresome inhibitor), or bafilomycin A~1~ or E-64 (lysosome inhibitors). Immunoblots and quantification of CFTR immature (band B) and mature (band C) forms (ANOVA, n = 3--4). Data are normalized to 0 µM (control); *vs.* 0 µM: \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001. Ezrin (Ez) was used as a loading control. C: control. Please note that the picture in Fig. 2C depicts experiments from the same gel but at two different exposures separated by a black line. Membranes were cut into two strips and incubated with primary antibodies against CFTR or ezrin.](nihms-1563253-f0002){#F2}

![Co-administration of C4 and C18 restores the expression of the mature form of CFTR mutants at the cell surface. Cos-7 cells transfected with 4 µg of CFTR constructs bearing G85E, E92K, L1077P, or M1101K for 32 h were treated with C4 and C18 (each 5 µM) for additional 16 h. Immunoblots show the effect of C4 and C18 on CFTR mutants in (A) the total protein lysate (TL) and (B) biotinylation of cell-surface proteins (BS). (C) The mature form (band C) of the CFTR mutants at the cell surface was quantified in untreated and treated samples (Student's *t* test, n = 4). Data are normalized to control (untreated samples) values; *vs.* control: \*\*P \< 0.01. Ezrin (Ez), an intracellular protein, was used as a loading control. The lack of ezrin binding to biotin is evidence that the plasma membrane was intact and biotin did not leak into the cells. Membranes were cut into two strips and incubated with primary antibodies against CFTR or ezrin.](nihms-1563253-f0003){#F3}

![Co-administration of C4 and C18 mitigates the binding of CFTR bearing G85E and E92K to proteostasis components. HEK-293 cell lines stably expressing CFTR constructs bearing G85E or E92K were treated with C4 and C18 (each 5 µM, 16 h). CFTR was immunoprecipitated with anti-CFTR antibody M3A7. Samples from (A) total protein lysate (TL) and (B) co-immunoprecipitation (co-IP) were subjected to immunoblotting, and membranes were incubated with different primary antibodies as detailed in Materials and Methods. (C-J) Quantification of blots from TL, co-IP, and co-IP adjusted for the total amount of CFTR, im-munoprecipitated with antibody against (C) HDAC6, (D) HDAC7, (E) VCP, (F) AHSA1, (G) Hsp90, (H) Hsp70, (I) Hsp40, or (J) Hsp27 (Student's *t-*test, n = 4). Data are normalized to control (untreated sample) values; *vs.* control: \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001. For this experiment, three to four gels were loaded with the same samples and then membranes were cut into two to three pieces to incubate each piece with a specific primary antibody. Each blot was reprobed for ezrin for the loading control.](nihms-1563253-f0004){#F4}

![Co-administration of C4 and C18 mitigates the binding of CFTR bearing L1077P and M1101K to proteostasis components. HEK-293 cell lines stably expressing CFTR constructs bearing L1077P or M1101K were treated with C4 and C18 (each 5 µM, 16 h). CFTR was immunoprecipitated with anti-CFTR antibody M3A7. Samples from (A) total protein lysate (TL) and (B) co-immunoprecipitation (co-IP) were subjected to immunoblotting, and membranes were incubated with different primary antibodies as detailed in Materials and Methods. (C-J) Quantification of blots from TL, co-IP, and co-IP, adjusted for the total amount of CFTR immunoprecipitated with antibody against (C) HDAC6, (D) HDAC7, (E) VCP, (F) AHSA1, (G) Hsp90, (H) Hsp70, (I) Hsp40, or (J) Hsp27 (Student's *t-*test, n = 4). Data are normalized to control (sample untreated) values; *vs.* control: \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001. For this experiment, three to four gels were loaded with the same samples and then membranes were cut into two to three pieces to incubate each piece with a specific primary antibody. Each blot was reprobed for ezrin for the loading control.](nihms-1563253-f0005){#F5}

![Co-administration of C4 and C18 reduces ubiquitination of CFTR mutants. HEK-293 cell lines stably expressing CFTR constructs bearing (A) G85E, (B) E92K, (C) L1077P, or (D) M1101K were transfected with ubiquitin plasmid (HA-tagged) for 32 h and then treated with C4 and C18 (each 5 uM) for additional 16 h. CFTR was immunoprecipitated with anti-CFTR antibody M3A7. Samples from co-immunoprecipitation (co-IP) were subjected to immunoblotting, and membranes were incubated with anti-HA (top) and anti-CFTR (bottom) primary antibodies. Quantification of blots from co-IP and co-IP, adjusted for the total amount of CFTR immunoprecipitated (Student's *t-*test, n = 4). Data are normalized to control (untreated sample) values; *vs.* control: \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001. For this experiment, two gels were loaded with the same samples and each membrane was incubated with specific primary antibody against HA (top) or CFTR (bottom). Each blot was reprobed with ezrin as a loading control.](nihms-1563253-f0006){#F6}

![Co-administration of C4 and C18 enhance the protein stability of CFTR mutants. HEK-293 cell lines stably expressing the G85E, E92K, L1077P, or M1101K constructs were treated with C4 and C18 (each 5 µM, 16 h). Subsequently, protein synthesis was blocked by applying cycloheximide (CHX, 25 µM/mL), and cells were harvested at different time points (0--8 h). Immunoblots and quantification of CFTR bearing (A) G85E, (B) E92K, (C) L1077P, and (D) M1101K (ANOVA, n = 4). Data are normalized to control (untreated sample) values; *vs.* 0 h without C4+C18: \*P \< 0.05, \*\*P\<0.01; *vs*. 0 h with C4+C18: ^\#^P \< 0.05, ^\#\#^P \< 0.01; ND: not detected. Bars represent densitometric quantification of immature band B (white) and mature band C (gray). Ezrin (Ez) was used as a loading control. C: control = untreated without CHX. The chase time are from 1--8hrs. Membranes were cut into two strips and incubated with primary antibodies against CFTR or ezrin.](nihms-1563253-f0007){#F7}

![Co-administration of C4 and C18 rescues the channel function of CFTR mutants. CFBE41o- cell lines stably expressing the E92K, L1077P, or M1101K constructs were maintained at 37°C or 27°C for 24 h and then treated with C4, C18, C4+C18, or lumacaftor (each 5 µM, for 16 h). The short-circuit current (Isc) responses (all measured at 37°C) from cells bearing CFTR constructs (A) E92K, (B) L1077P, or (C) M1101K are shown. Data are expressed as the CFTR~inh~172-sensitive Isc (ΔIsc), calculated by subtracting the Isc after CFTR~inh~172 treatment from the peak forskolin/genistein-stimulated Isc. Smooth (left) bars are associated with 37°C incubation, and dotted (right) bars with 27°C. Statistical significance is presented as: ^ns^ no significant difference, \*P \< 0.05, \*\*P \< 0.01, \*\*\*P\<0.001 (n = 4--12 for each condition) compared to control conditions (37°C, n = 4--12 and 27°C, n = 4--5). Amiloride (100 µM) was present during the whole experiment to avoid interference by ENaC-mediated Na^+^ currents.](nihms-1563253-f0008){#F8}
